The development of effective, systemic therapies for metastatic cancer is highly desired. We show here that the systemic delivery of sequence-specific small interfering RNA (siRNA) against the EWS-FLI1 gene product by a targeted, nonviral delivery system dramatically inhibits tumor growth in a murine model of metastatic Ewing's sarcoma. The nonviral delivery system uses a cyclodextrin-containing polycation to bind and protect siRNA and transferrin as a targeting ligand for delivery to transferrin receptor-expressing tumor cells. Removal of the targeting ligand or the use of a control siRNA sequence eliminates the antitumor effects. Additionally, no abnormalities in interleukin-12 and IFN-A, liver and kidney function tests, complete blood counts, or pathology of major organs are observed from long-term, low-pressure, lowvolume tail-vein administrations. These data provide strong evidence for the safety and efficacy of this targeted, nonviral siRNA delivery system. (Cancer Res 2005; 65(19): 8984-92) 
Introduction
Treatment-resistant metastases are the ultimate cause of death in most cancer patients. Ewing's family of tumors (EFT), a poorly differentiated mesenchymal malignancy that arises in bone or soft tissue, is a particularly cogent example. Historical data show that virtually all patients die from metastases (e.g., <5% survival after localized therapy; ref. 1) . Systemic chemotherapy has markedly improved survival of patients with localized disease, but patients with metastatic disease rarely benefit (2) . A major factor contributing to this outcome is the development of multidrug resistance by the time patients are treated for metastasis.
Specific chromosomal translocations are associated with numerous hematopoietic and solid tumors. The translocation t (11;22) is commonly detected in EFT and produces the chimeric EWS-FLI1 fusion gene found in 85% of EFT patients (2) . Functionally equivalent chimeric genes are found in virtually all EFTs (3) . EWS-FLI1 is thought to be a transcriptional activator and plays a significant role in tumorigenesis of EFT (4, 5) . Reduction of the EWS-FLI1 protein in EFT cells in vitro or in s.c. xenograft tumors by antisense oligonucleotides complementary to EWS-FLI1 mRNA results in decreased proliferation (6) (7) (8) , suggesting a potential therapeutic intervention directed at this tumor-specific chimeric gene. Small interfering RNAs (siRNA) have recently been shown to silence the EWS-FLI1 gene and suppress proliferation of an EFT cell line in vitro (9) (10) (11) . We therefore hypothesized that systemically delivered siRNA against EWS-FLI1 would inhibit growth and dissemination of EFT cells in vivo.
Systemic applications of virally delivered siRNA and related RNA interference (RNAi) products are unlikely to be viable in the near future because of host immune responses on repeated delivery and ineffective tumor targeting. The systemic, nonviral delivery of RNAi molecules has been reported in mice and initially involved highpressure, high-volume tail-vein injections of naked nucleic acid (12) (13) (14) , a method untenable and unacceptable in humans in routine clinical settings. Subsequently, naked siRNA (15) (16) (17) , lipidformulated siRNA (18) , plasmids expressing short hairpin RNA (19, 20) , and polycation-formulated siRNA (21) (22) (23) have been given systemically in mice. Naked or formulated siRNAs have also been directly injected into xenograft tumors in mice (24) (25) (26) (27) . Naked siRNAs require chemical stabilization for in vivo use (17, 28) , have nonspecific biodistributions that are the same as single-stranded antisense agents (29) and require large and repeated dosages for efficacy (17) .
Some of us have been involved in the design and development of a nonviral delivery system specifically created for systemic use (30, 31) . This multicomponent delivery system includes short polycations containing cyclodextrins that provide low toxicity and enable assembly with the other components of the delivery system that contain targeting ligands (Fig. 1) . The cyclodextrin-containing polycations (CDP) self-assemble with siRNA to form colloidal particles f50 nm in diameter, and their terminal imidazole groups assist in the intracellular trafficking and release of the nucleic acid (32) . CDP protects the siRNA from degradation so that chemical modification of the nucleic acid is unnecessary. The colloidal particles are stabilized for use in biological fluids by surface decoration with polyethylene glycol (PEG) that occurs via inclusion complex formation between the terminal adamantane and the cyclodextrins; some of the PEG chains contain targeting ligands for specific interactions with cell-surface receptors (Fig. 1A) . Here, we use transferrin as the targeting ligand (33) because tumor cells often overexpress the cell-surface transferrin receptor (34) . The complete formulation of the siRNA-containing particles is done by mixing the components together and allowing for the self-assembly as schematically illustrated in Fig. 1B . A review of this delivery system is available (32) . By using in vivo, whole-body fluorescence imaging, this system has been shown to deliver fluorescently labeled ssDNA to tumor cells in s.c., tumor-bearing nude mice from tail-vein injections (35) . Absence of the transferrin ligand on the particles still provided tumor localization, but no uptake in tumor cells was observed (33, 35) .
The safety of siRNA therapy in animals and ultimately humans has also been questioned, especially with regard to triggering IFNmediated immune responses (36, 37) . We recently showed that naked siRNA can be safely given to mice without eliciting an IFN response (38) . Thus far, there are no studies of either the systemic, nonviral delivery of RNAi molecules in a metastatic tumor model or the investigation of the safety of nonviral, systemic administration of formulated siRNA. Here, we address both of these issues.
To show safe, systemic efficacy of nonvirally delivered siRNA, we first developed a mouse model of metastatic EFT in NOD/scid mice by tail-vein injections of EFT cells engineered to constitutively express luciferase. The fate of tumor cells was followed by in vivo, whole-body imaging. We tested the ability of targeted, nonviral delivery of siRNA against EWS-FLI1 to safely limit bulk metastatic tumor growth and prevent establishment of bulk metastatic disease from microscopic metastatic disease. We prove here the hypothesis that the targeted, nonviral delivery of siRNA can safely abrogate EWS-FLI1 expression and inhibit metastatic Ewing's tumor growth in vivo.
Materials and Methods
Small interfering RNA sequences. siRNA targeting luciferase (siGL3), the breakpoint of EWS-FLI1 (siEFBP2), a mutated negative control for siEFBP2 (siEFBP2mut), and a nontargeting control sequence (siCON1) were obtained from Dharmacon Research, Inc. (Lafayette, CO). All came purified and preannealed ('' option C''). The sequences are siGL3: 5V -CUUACGCUGAGUACUUCGAdTdT and dTdTGAAUGCGACUCAUGAAGCU-5V , siEFBP2(9): 5V -GCAGAACCCUUCUUAUGACUU and UUCGUCUUGGGAAGAAUACUG-5V , siEFBP2mut(9): 5V -GCAGAACCAGUCUUAUGACUU and UUCGUCUUGGU-CAGAAUACUG-5V , and siCON1: 5V -UAGCGACUAAACACAUCAAUU and UUAUCGCUGAUUUGUGUAGUU-5V .
In vitro down-regulation of EWS-FLI1 in an EFT cell line. TC71 cells were grown on six-well plates in RPMI 1640 with 10% fetal bovine serum (FBS; no antibiotics) until they reached 30% confluency. siRNA was complexed with Oligofectamine (Invitrogen, San Diego, CA) according to the manufacturer's recommendations or with imidazole-terminated CDP at a 3:1 (+/À) charge ratio (32) . The resulting formulations were applied to each well at a final concentration of 100 nmol/L. All transfected cells were harvested at 48 hours and gene expression was assessed by Western blot analysis. Primary monoclonal antibodies against the COOH-terminal region of FLI1 were obtained from BD Pharmingen, San Diego, CA. Polyclonal antibodies against h-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Determination of relative surface transferrin receptor level in TC71 cells. TC71, A2780, and HeLa (the latter two cell lines from American Type Culture Collection, Manassas, VA) cells were analyzed for relative levels of transferrin receptor expression. Cells were plated at 300,000 per well in sixwell plates 24 hours before exposure to 1 mL antibiotic-free culture medium containing 1% bovine serum albumin and various concentrations of fluorescein-labeled transferrin as described previously (ref. TC71 cells were transduced with viral supernatant containing SMPU-R-MNCU3-LUC vector (41) . A second cycle of transduction was done 8 hours later by removing old medium and adding new virus supernatant and medium. Twenty-four hours after the initial transduction, cells were thoroughly washed thrice with PBS before in vitro analysis.
Injection of mice with luciferase-expressing TC71 cells. TC71-LUC cells were grown in RPMI 1640 with 10% FBS and antibiotics (penicillin/ streptomycin). To prepare for injection, cells were trypsinized from the tissue culture flasks and washed twice with PBS. Cells were counted on a hemacytometer slide and resuspended in serum-free, antibiotic-free medium immediately before injection. The viability of the cells was tested by trypan blue exclusion. Only cells >90% viable were used. Mice were treated according to the NIH Guidelines for Animal Care and as approved by the Caltech Institutional Animal Care and Use Committee. All mice were 6 to 8 weeks of age at the time of injection. Each mouse was injected with 5 Â 10 6 TC71-LUC cells suspended in 0.2 mL RPMI (without FBS or antibiotics) through the tail vein using a 27-gauge needle. All experimental manipulations with the mice were done under sterile conditions in a laminar flow hood.
Bioluminescent imaging of the mice. After the injection of cells, the mice were imaged at different time points using an in vivo IVIS 100 bioluminescence/optical imaging system (Xenogen, Alameda, CA). D-Luciferin (Xenogen) dissolved in PBS was injected i.p. at a dose of 150 mg/kg 10 minutes before measuring the light emission. General anesthesia was induced with 5% isoflurane and continued during the procedure with 2.5% isoflurane introduced via a nose cone.
After acquiring photographic images of each mouse, luminescent images were acquired with various (1-60 seconds) exposure times. The resulting grayscale photographic and pseudocolor luminescent images were automatically superimposed by the IVIS Living Image (Xenogen) software to facilitate matching the observed luciferase signal with its location on the mouse. Regions of interest (ROI) were manually drawn around the bodies of the mice to assess signal intensity emitted. Luminescent signal was expressed as photons per second emitted within the given ROI. Tumor bioluminescence in mice is linearly correlated with the tumor volume (42, 43) and we have verified these findings (data not shown).
Formulation of nonviral, small interfering RNA-containing polyplexes for in vivo administration. All complexes were made with siRNA and an imidazole-modified CDP synthesized as described previously (31) . Before addition to siRNA, CDP was mixed with an adamantane-PEG 5000 (AD-PEG) conjugate at a 1:1 AD:h-CD (mol/mol) ratio. Targeted polyplexes also contained transferrin-modified AD-PEG (AD-PEG-transferrin) at a 1:1,000 AD-PEG-transferrin:AD-PEG (w/w) ratio. This mixture was then added to an equal volume of siRNA at a charge ratio (positive charges from CDP to negative charges from siRNA backbone) of 3:1 (+/À). An equal volume of 10% (w/v) glucose in water was added to the resulting polyplexes to give a final polyplex formulation in 5% (w/v) glucose (D5W) suitable for injection.
Consecutive-day delivery of small interfering RNA to tumors in vivo. Mice with successful tumor cell engraftment received injection of formulations containing siRNA against luciferase (siGL3), EWS-FLI1 (siEFBP2), or a control sequence (siCON1) on 2 or 3 consecutive days as indicated. Each mouse (f20 g) received 0.2 mL of the appropriate formulation, containing 50 Ag siRNA corresponding to a 2.5 mg/kg dose, by low-pressure tail-vein injection using a 1 mL syringe and a 27-gauge needle.
Real-time quantitative reverse transcription-PCR. Total cellular RNA was isolated using RNA STAT-60 (Tel-Test, Friendswood, TX) from homogenized tumors. cDNA was synthesized from 2 Ag DNase I (Invitrogen)-treated total RNA in a 42 AL reaction volume using oligo(dT) and SuperScript II (Invitrogen) for 60 minutes at 42jC following the supplier's instructions. PCR primers were designed with MacVector 7.0 (Accelrys, San Diego, CA). The sequences are EWS-FLI1: forward 5V -CGAC-TAGTTATGATCAGAGCAGT-3V and reverse 5V -CCGTTGCTCTGTATT-CTTACTGA-3V and h-actin: forward 5V -GCACCCCGTGCTGCTGAC-3V and reverse 5V -CAGTGGTACGGCCAGAGG-3V . PCR was done as described before (44) . PCR conditions were 95jC for 900 seconds; 40 cycles of 95jC for 15 seconds, 60jC for 30 seconds, and 72jC for 30 seconds; and a final denaturing stage from 60jC to 95jC. All PCR products were analyzed on 1% agarose gel and single band was observed, except negative controls. The reproducibility was evaluated by at least three PCR measurements. The expression level of target gene was normalized to internal h-actin and the mean and SD of the target/h-actin ratios were calculated for sample-to-sample comparison.
Long-term delivery of small interfering RNA to tumors in vivo. Fifty female NOD/scid mice were injected with 5 Â 10 6 TC71-LUC cells as described above. Immediately after cell injection, each mouse received an additional injection of 0.2 mL of one of the following formulations (concentrations indicated above, 10 mice per group): D5W only (group A); naked siEFBP2 only (group B); targeted, formulated siCON1 (group C); targeted, formulated siEFBP2 (group D); or nontargeted, formulated siEFBP2
(group E). Formulations were given twice weekly for 4 weeks. Images were taken immediately after the first injections for quality control of the injections and twice weekly immediately before the injection of the formulations. We continued to monitor the tumor signal in the mice receiving targeted (group D) and nontargeted (group E) siEFBP2 formulations for an additional 3 weeks or until the tumor burden was too great for the mice.
Magnetic resonance imaging. Before imaging, each mouse received 100 AL paramagnetic contrast agent Magnevist (1 mL Magnevist contains 469.01 mg gadopentate dimeglumine, 0.99 mg meglumine, and 0.4 mg diethylenetriamine pentaacetic acid) i.p. to enhance delineation. Mice were sedated with 5% isoflurane and wrapped in cellophane to prevent hypothermia and minimize contamination of the magnetic resonance imaging (MRI) system. Isoflurane gas (0.8% in air) was used for supplementary sedation as needed. All images were obtained using a Bruker BioSpin MRI with a horizontal magnet of 7.0 Tesla (Bruker Instruments, Inc., Billerica, MA).
Toxicity, immune response, and pathology studies. Female C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) were 6 to 8 weeks of age at the time of injection. To measure plasma cytokine levels, blood was harvested from mice 2 and 24 hours after injection by cardiac puncture and plasma was isolated using Microtainer tubes (Becton Dickinson). Whole blood was used for complete blood count (CBC) analyses, and plasma was used for all liver enzyme and cytokine analyses. Interleukin (IL)-12 (p40; BD Biosciences) and IFN-a levels (PBL Biomedical Laboratories, Piscataway, NJ) were measured by ELISA according to the manufacturer's instructions. A, quantification of Western blot analysis. Cultured TC71 cells were exposed to siEFBP2-containing formulations made with Oligofectamine (OFA ) or CDP for 4 hours. At 48 hours after transfection, cells were lysed and total cell protein was denatured, electrophoresed, and transferred to a polyvinylidene difluoride membrane that was probed with antibodies to EWS-FLI1 or actin (siEFBP2mut: mutant negative control). Average band intensities were determined by densitometry and the ratio of EWS-FLI1 to actin intensities was calculated. B, determination of the relative surface transferrin receptor level in TC71 cells. Cultured TC71 cells were incubated in medium containing fluorescein-labeled transferrin; uptake was assessed by flow cytometry. This experiment was also done on cell lines known to express high and low levels of transferrin receptor (HeLa and A2780, respectively) for comparison.
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Results
Small interfering RNA mediates down-regulation of EWS-FLI1 in cultured TC71 EFT cells. RNAi-mediated gene silencing in TC71, an EFT cell line that expresses the EWS-FLI1 fusion gene, was assessed using a commercial lipid reagent (Oligofectamine) and our imidazole-terminated CDP. Using a previously reported siRNA sequence targeting the EWS-FLI1 breakpoint (siEFBP2; ref. 9), we observed comparable and significant (>50%) reduction in EWS-FLI1 protein levels with both delivery methods ( Fig. 2A) . Delivery of a mutant siRNA sequence (siEFBP2mut) failed to elicit such down-regulation.
TC71 cells display a high relative surface transferrin receptor level. The level of the cell-surface transferrin receptor in TC71 cells was determined relative to cell lines shown previously to have high (HeLa) and low (A2780) transferrin receptor levels (ref. 35 ; Fig. 2B ). By 50 nmol/L concentration, we observed 100% uptake of a FITC-transferrin conjugate by TC71 cells, even higher than that by HeLa cells at all FITC-transferrin concentrations examined. These results suggest that modification of siRNA formulations to contain a ligand for transferrin receptor could lead to successful targeting to TC71 cells in vivo.
Establishment of a murine model of metastatic Ewing's sarcoma. Luciferase-expressing TC71 cells (TC71-LUC) were generated by viral transduction and given to female NOD/scid mice by tail-vein injection. The pattern of TC71-LUC cell engraftment was assessed by acquiring serial images of in vivo bioluminescence for 5 to 8 weeks after transplantation. Signals could be detected immediately after the transplantation. Ten minutes after cell injection, the luminescence signals accumulated in the lung area, indicative of entrapment of TC71-LUC cells within the capillary bed of the lung (Fig. 3A) . Over the next few hours, the bioluminescent signal gradually disappeared as the cells dispersed and reemerged 1 to 2 weeks later at various locations where tumors developed. The most common engraftment sites were lung, vertebral column, pelvis, femur, and soft tissue, similar to the most frequently observed sites for metastases in EFT patients (45) . The locations of the engraftments were confirmed by MRI (Fig. 3B) , computed tomography, X-ray scans, and necropsy with histopathologic confirmation (data not shown).
Formulated small interfering RNA against luciferase transiently reduces the bioluminescent signal of engrafted tumors in vivo. To test whether targeted, systemic CDPmediated delivery of siRNA could provide gene silencing in vivo, two consecutive daily treatments (days 40 and 41 after cell injection) were done on mice bearing luciferase-producing metastasized EFT. The tumors of mice treated with the targeted, formulated siGL3-containing polyplexes showed a strong decrease (>90%) in luciferase signal 2 to 3 days after injection (Fig. S2) . The luciferase down-regulation was transient. The luminescent signal increased daily thereafter. Heidel et al. have shown that lowvolume tail-vein injections of naked siRNA at 2.5 mg/kg do not give luciferase down-regulation in mice most likely due to the lack of cellular uptake of naked siRNAs given at that dose (32) . Taken together, these studies show that the transferrin-targeted, CDP-containing particles can deliver functional siRNA to TC71-LUC tumors when given via standard low-pressure tail-vein injection.
Formulated small interfering RNA against EWS-FLI1 inhibits tumor growth in vivo. Mice with successful engraftment of TC71-LUC cells were randomly selected for treatment with targeted, formulated siEFBP2 on days 35 to 37 after cell injection. Increases in bioluminescent signal from metastasized tumor growth were inhibited by systemic administration of targeted formulations containing siRNA against EWS-FLI1 (siEFBP2; Fig. 4A ). Three consecutive daily injections of the targeted, formulated siEFBP2 resulted in a decreased tumor signal, and this effect lasted 2 to 3 days. Further assessment of the EWS-FLI1 expression in the tumors treated with two consecutive siEFBP2 formulations showed a 60% down-regulation of EWS-FLI1 RNA level compared with siCON1-treated tumors (P = 0.046; Fig. 4B) . Therefore, the delivery of fully formulated siEFBP2 is able to reduce EWS-FLI1 expression in the established tumors and provide transient inhibition of EFT tumor growth.
Long-term, twice-weekly administration of targeted, formulated siEFBP2 inhibits tumor cell engraftment. After observing transient effects in vivo after short-term (one to three daily treatments) administration of targeted siRNA formulations, we employed a long-term treatment regimen in which formulations were given twice weekly beginning the same day as injection of TC71-LUC cells. These studies allowed for the more careful investigation of the effects of the formulations that included all of the proper controls. The success of tumor cell injection was confirmed by imaging mice immediately after the injection (Fig. S1) . Targeted, formulated siEFBP2 treatments (group D) dramatically inhibited the engraftment of TC71-LUC cells (Fig. 5A and B), with only 20% of the mice showing any tumor growth compared with 90% to 100% in other treatment groups (Fig. 5A) . Neither the mice receiving naked siEFBP2 (group B) nor those receiving targeted delivery of siCON1 (group C) showed any difference in tumor engraftment compared with the control group that received only the 5% glucose carrier solution (D5W, group A). Interestingly, tumors in mice treated with formulated but nontargeted (lacking transferrin) siEFBP2 showed a delayed progression of tumor engraftment compared with the control groups (Fig. S1 ). Once significant tumors were established, however, the tumors seemed to grow at a rate unaffected by continued treatment with the nontargeted siEFBP2 (Fig. 5B) . The tumor signal was monitored in the mice receiving targeted (group D) and nontargeted (group E) siEFBP2 formulations for an additional 3 weeks or until the tumor burden was too great for the mice. Whereas most of the mice receiving nontargeted formulations developed very large tumors, the majority of the mice receiving targeted formulations showed little or no tumor signal (Fig. 5B) . We conclude that treatment with the targeted formulation of siEFBP2 prevented the tumor cell engraftment in these mice and slowed the growth of any tumors that did develop. In addition, targeted, formulated siEFBP2 complexes do not seem to cross the bloodbrain barrier because the tumor growth of a brain metastasis treated by this complex was unaffected (Fig. S3) . This result is consistent with previously reported biodistribution studies (35) .
No immune response or major organ damage was observed after targeted, formulated siEFBP2 treatment in mice. Because the ability of the NOD/scid mice to mount a possible immune response to these formulations is severely compromised, single tailvein injections of formulations were repeated in immunocompetent mice (C57BL/6) and blood was collected at 2 or 24 hours after the injections. CBCs of whole blood showed insignificant changes in WBC or platelet counts (Fig. 6A) . Levels of secreted liver enzymes [aspartate aminotransferase (AST) and alanine aminotransferase (ALT)], blood urea nitrogen (BUN), and creatinine were all unchanged, indicating a lack of damage to the liver or kidneys. No increases, resulting from formulations, in plasma IL-12 or IFN-a at either 2 or 24 hours after injection were observed (Fig. 6B) . We also did pathologic examination of the major organs (liver, kidney, brain, heart, lung, and pancreas) from the NOD/scid mice that received long-term treatments by H&E staining (Fig. 6C) . No organ damage was observed with any of the formulated groups when compared with the D5W and naked siEFBP2 treatment groups. Taken together, these results show the safety and low immunogenicity of these CDP-containing formulations.
Discussion
The silencing of gene expression by siRNA is a powerful tool for the genetic analysis of mammalian cells and has the potential for development into specific, potent, and safe treatments for human disease. However, delivery of siRNA into specific organs in vivo is a major obstacle for RNAi-based therapy. To overcome this problem, a hydrodynamic method (high-pressure, high-volume tail-vein injection) has been used in mice to deliver siRNA (and other types of nucleotides) to the liver. This method is ineffective for other organs and is not feasible for routine clinical application (14, 46) . Naked siRNA has been employed in mice but requires costly chemical stabilization and large, frequent dosing for efficacy (17) . Although researchers have also shown successful viral delivery of plasmids to achieve prolonged and stable expression of siRNA (47) (48) (49) (50) (51) , the immunogenicity of viral vectors provide significant barriers to their clinical use. In addition, it is difficult to influence the biodistribution of viral vectors and preferentially target tumor when given systemically. Therefore, the development of a targeted, nonimmunogenic siRNA delivery system for systemic administration is highly desired and will likely be required for effective use of siRNA as a human therapy. Here, we show that a cyclodextrinbased polycation delivery system (Fig. 1A) can be formulated (Fig. 1B) to target metastatic cancer in a murine model of the EFT.
We established a highly reproducible and clinically relevant metastatic murine model for the EFT in NOD/scid mice (Fig. 3) . EFT cells were transduced with the firefly luciferase gene before administration in mice, thus allowing for noninvasive, in vivo, whole-body imaging of bioluminescence to monitor the fate of tumor cells. The tumor engraftment sites observed (lung, vertebral column, pelvis, femur, and soft tissue) were comparable with the most common locations of metastases in EFT patients.
siRNA duplexes targeting the EWS-FLI1 fusion gene (siEFBP2) or the firefly luciferase gene (siGL3) were formulated with the synthetic delivery system as schematically illustrated in Fig. 1 . Because the TC71 cells used here were shown to express high levels of cell-surface transferrin receptors (Fig. 2B) , targeted formulations contained transferrin as the targeting ligand. This delivery system self-assembles with siRNA to give f50 nm particles that are stable Figure 5 . Effect of long-term delivery of siRNA formulations on growth of metastasized EFT in mice. A, bioluminescence imaging of NOD/scid mice treated twice weekly with formulated siRNA for 4 weeks. Starting immediately after injection of TC71-LUC cells, mice were treated with formulations containing siRNA targeting EWS-FLI1 (siEFBP2) or a nontargeting control sequence (siCON1) twice weekly for 4 weeks. The bioluminescence of these mice was monitored twice weekly. All images shown are for 3.5 weeks after beginning of treatment and have identical scales for image comparison. Images for all other time points can be found in Fig. S1 . B, growth curves for engrafted tumors. The median integrated tumor bioluminescent signal (photons/s) for each treatment group (n = 8-10) is plotted versus time after cell injection (D ). Treatment groups: A, 5% (w/v) glucose only (D5W); B , naked siEFBP2; C, targeted, formulated siCON1; D , targeted, formulated siEFBP2; and E , nontargeted, formulated siEFBP2. Figure 6 . Formulated siRNA failed to exhibit toxicity or elicit an immune response in mice. A, CBC and liver panel results for C57BL/6 mice receiving formulations showed no toxicity or immune response. Female C57BL/6 mice received a single administration of formulated siRNA. At 2 or 24 hours after treatment, blood was drawn by cardiac puncture and plasma was isolated. Whole blood was used for determination of platelet and WBC counts. Plasma was used for measurement of AST, ALT, alkaline phosphatase (ALKP ), creatinine, and BUN. Points, averages of triplicate mice for each time point; bars, SDs. B, cytokine ELISA results for C57BL/6 mice receiving formulations showed no up-regulation of IL-12 or IFN-a. The plasma levels of IL-12 (p40) and IFN-a in mice described above were measured by ELISA. Treatment groups: A, 5% (w/v) glucose only (D5W); B, naked siEFBP2; C, targeted, formulated siCON1; D, targeted, formulated siEFBP2; E, nontargeted, formulated siEFBP2; Wild Type, uninjected; 2, blood drawn 2 hours after injection; 24, blood drawn 24 hours after injection. C, H&E staining of major organs of the NOD/scid mice after long-term treatment. Major organs were collected, formalin fixed, and processed for routine H&E staining using standard methods. Images were collected using a Nikon epifluorescent microscope with a DP11 digital camera.
in physiologic fluid, can protect the nucleic acid from nuclease degradation (protection for at least 72 hours; data not shown), are capable of providing for cellular uptake and delivery of functional siRNA ( Fig. 2A) , and can target transferrin receptor-expressing tumor cells from tail-vein administration in mice (32) (33) (34) (35) (36) . When introduced systemically into tumor-bearing mice by tail-vein injection, these formulations containing either siEFBP2 or siGL3 are able to achieve transient reduction in tumor growth or luciferase expression, respectively ( Fig. 4; Fig. S2 ). The tumor growth inhibition was correlated with a sequence-specific downregulation of EWS-FLI1 expression in the tumors.
Clinically, many tumors relapse after intensive treatment because of systemic dissemination of micrometastases. Nearly all EFT patients already have micrometastases at diagnosis, resulting in a >95% relapse rate when treated locally (1) and a 40% relapse rate after systemic chemotherapy (2) . Therefore, effective treatment for elimination of circulating or dormant metastasized tumor cells after traditional therapy is needed. We explored the possibility of using targeted, formulated siRNA for this purpose by administration of formulations twice weekly beginning the same day as injection of TC71-LUC cells. These injections of the different formulations in tumor-bearing NOD/scid mice reveal that only the targeted, formulated siEFBP2 achieves long-term tumor growth inhibition (Fig. 5) . Neither naked siEFBP2 nor a formulated control siRNA sequence shows any effect on tumor signal compared with the control group receiving only the carrier fluid. These results show the necessity of the delivery vehicle for systemic application and the sequence specificity of the observed inhibition.
Notably, mice treated with formulated but nontargeted siEFBP2 show an initial delay in tumor growth. However, the growth rate of tumors that eventually developed are unaffected by continuation of this treatment. The enhanced permeability and retention effect (EPR) leads to the accumulation of macromolecules in solid tumors (52) . The leaky vasculature associated with the nascent tumors allows circulating targeted and nontargeted particles to accumulate in tumors. However, only the transferrin-containing, targeted particles were detected within tumor cells by fluorescence (35) . Some small fraction of the nontargeted particles may have entered tumor cells. If so, their amount was below the detection limit. Mice receiving nontargeted formulations in the present study eventually develop very large tumors, whereas little or no tumor signal is observed by imaging or at autopsy in most mice receiving the targeted formulations. These results support the notion that transferrin targeting increases overall uptake of the nanoparticles through receptor-specific endocytosis by tumor cells after accumulation in the tumor mass via the EPR effect has occurred.
We hypothesize that treatment with the targeted formulation of siEFBP2 assists in the prevention of the initial establishment of tumors in these mice from the injected cells and slows the growth of any tumors that develop by down-regulating the expression of the oncogenic fusion protein EWS-FLI1. Because the siGL3-containing formulations show potent, sequence-specific downregulation of in vivo bioluminescence, it is clear that the delivered siRNA is functional. Although the luciferase down-regulation is a direct observation of in vivo RNAi, the reduced tumor engraftments from siEFBP2-containing formulations require a more extended cascade of down-regulation and intracellular signal transduction events and are therefore indirect, but biologically significant, measures of sequence-specific RNAi.
Most of the tumor engraftment sites in the mouse model match those commonly seen in EFT-bearing patients. We also observed brain metastases, analogous to that rare event in human EFT patients (Figs. 3B and 5A ). As expected, previous work with this delivery system showed that these formulations are unable to cross the blood-brain barrier (35) , and as such, we would not expect them to reduce growth of brain metastases. Indeed, the targeted, formulated siEFBP2 complexes did not seem to affect the tumor growth of the illustrated brain metastasis (Fig. S3) .
Recent in vitro reports have shown that siRNA sequences and their method of delivery may trigger an IFN response (36, 37) . Additionally, in vivo delivery of siRNA by lipids have resulted in potent IFN responses (53) (54) (55) . Here, single tail-vein injections of all of the formulations were done in immunocompetent (C57BL/6) mice to enable measurement of numerous blood markers that are indicative of an immune response. In contrast to results obtained from the injection of polyriboinosinic-polyribocytidylic acid, a known immunostimulator through interactions with Toll-like receptor 3 (38) , none of the formulations show any significant effects on the levels of IL-12, IFN-a, WBC, platelets, secreted liver enzymes (ALT and AST), BUN, or creatinine (Fig. 6) . All of these observations with formulated siRNA are consistent with our previous work showing a lack of immune response to naked siRNA (38) . The cyclodextrinbased delivery system does not produce an IFN response even when siRNA is used that contains a motif known to be immunostimulatory when delivered in vivo with lipids (ref. 54 ; published sequence is within siCON1). These results show the safety and low immunogenicity of CDP-containing formulations and show the attractiveness of this methodology for systemic, targeted delivery of nucleic acids. The in vivo gene silencing effect of siRNA by our delivery system is transient, permitting fine-tuning of the intensity and interval of the treatment. For example, the frequency of administration can be tuned for use in combination with other agents, and the treatment can be terminated within a few days if necessary.
To our knowledge, this is the first study to show that systemic administration of siRNA can provide safe, sequence-specific inhibition of tumor growth in a disseminated tumor model. In contrast to naked siRNA delivery, the targeted siRNA formulations used here are efficacious at low siRNA doses and do not require chemical modification of the siRNA for stabilization. Further, this delivery system can be easily tuned to target different cell-surface receptors in tumors and other tissue (32) , can be used to deliver different and/or multiple siRNA sequences, and does not elicit a detectable immune response or any changes in mouse physiology. We believe that this treatment has the potential to be developed into a useful method for inhibition of metastatic EFT growth and may also have broad applicability in cancer therapy. Future experiments using an EFT-specific targeting ligand and employing formulation combinations with small-molecule drugs will likely further enhance the antitumoral potency of this system.
